Background: Triptolide is a therapeutic diterpenoid derived from the Chinese herb Tripterygium wilfordii Hook f. Triptolide has been shown to induce apoptosis by activation of pro-apoptotic proteins, inhibiting NFkB and c-KIT pathways, suppressing the Jak2 transcription, activating MAPK8/JNK signaling and modulating the heat shock responses.
R E S E A R C H A R T I C L E Open Access
Genome-wide association analysis identified splicing single nucleotide polymorphism in CFLAR predictive of triptolide chemo-sensitivity
Background
Triptolide is a biological diterpenoid derived from the Chinese herb Tripterygium wilfordii HOOK f. Triptolide has been shown to have anti-inflammatory and immunosuppressive activities and has been used in traditional Chinese medicine to treat several diseases, such as, rheumatoid arthritis, immune complex diseases, and systemic lupus erythematosus [1, 2] . It has been shown to have influence on several anti-tumor target genes and inhibit tumors by altering multiple signaling pathways, such as, inhibition of NFκB and c-KIT pathway [3] , inhibition of Jak2 transcription [4] , inducing apoptotic signals by activation of pro-apoptotic proteins [5, 6] , activation of MAPK8/JNK [5, 6] , and inhibition of heat shock response [7, 8] . Triptolide has also been shown to influence epigenetic modulation of genes by interaction with histone methyltransferase and demethylase [9] . In spite of the wide therapeutic properties of triptolide, poor water solubility has limited its clinical use in the past. However, recently a water-soluble analog of triptolide-Minnelide has shown promising results in pancreatic cancer cell lines, human xenograft models, as well as in mouse models of pancreatic cancer [10] . Minnelide has been shown to reduce tumor burden in preclinical models of osteosarcoma [11] . Taken together with the anti-tumor properties of triptolide and the recent development of triptolide analogs to overcome its water solubility, triptolide has emerged as a promising antitumor agent.
In the present study, we evaluated the impact of genetic variations and gene expression profiles predictive of triptolide cytotoxicity using Epstein-Barr-virus transformed lymphoblastoid cell lines (LCLs) that are part of International HapMap project (www.hapMap.org) [12] . HapMap LCLs has been used as model to identify genetic markers associated with in vitro chemo-sensitivity to several drugs [13] [14] [15] [16] . Genotype data is publically available allowing for genome-wide association analyses for biomarker identification. Our results validated some of the known genes/pathways as well as identified novel candidate genes/pathways of relevance to triptolide. We further validated the functional significance of CFLAR in pancreatic cell lines.
Methods

In vitro cytotoxicity assays
HapMap LCLs from subjects with European ancestry (CEU; n = 55 unrelated) were obtained from the Coriell Institute for Medical Research and were maintained as recommended. In vitro cytotoxicity was determined by treating LCLs with varying concentrations of triptolide (500, 50, 20, 10, 6.67,1.3 and 0 nM) for 48 hr followed by cell viability measurements using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays (Life Technologies, USA) and Synergy 5 multiplate reader. Cytotoxicity assays were performed in duplicates and cell lines were randomly chosen to repeat on different dates to rule out any experimental variation. Panc-1, a pancreatic cell line (ATCC, USA) was used for functional validation of the top gene identified in the GWAS. Panc-1 was cultured in DMEM medium supplemented with 2 mM glutamine and 10 % fetal bovine serum.
Real-time quantitative PCR analysis
mRNA expression levels of CFLAR spliced isoforms were quantitated in LCLs and Panc-1 cell lines using CFLAR isoform specific oligonucleotide primers and 2^-ΔΔCT method as described in Additional file 1 and Fig. 2 .
Genotyping of panc-1 cell lines
Genomic DNA from Panc-1 cell line was genotyped for CFLAR SNP rs10190751 (A/G) using TaqMan SNP genotyping assay (Applied Biosystems, Foster City, CA, USA). Genomic DNAs from HapMap cell lines with known genotype (AA, AG and GG) were used as controls.
Western blotting
Western plotting was performed using whole-cell lysates and CFLAR (Enzo lifesciences) or β-actin (Abcam) primary and mouse IgG secondary antibodies.
siRNA mediated knockdown of CFLAR in cancer cell lines
Mission esiRNA were procured from Sigma Aldrich. esiRNA were synthesized through in vitro transcription of a 300-600 bp gene specific dsRNA, which is further digested in to complex pool of siRNA using RNAses. This digested pools of esiRNA are verified by DNA sequensing and gel electrophoresis to ensure identity and high specificity (Sigma Aldrich). To ensure high specificity and efficacy of the esiRNA, the algorithm DEQOR is utilized (Design and Quality Control of RNAi, available to the public via http://deqor.mpi-cbg.de/deqor_new/ input.html). CFLAR specific 424 base pair sequence used in this study to create esiRNA pool for CFLAR knockdown is "TCCATCAGGTTGAAGAAGCACTTG ATA  CAGATGAGAAGGAGATGCTGCTCTTTTTGTGCC  GGGATGTTGCTATAGATGTGGTTCCACCTAATGTC  AGGGACCTTCTGGATATTTTACGGGAAAGAGGT  AAGCTGTCTGTCGGGGACTTGGCTGAACTGCTC  TACAGAGTGAGGCGATTTGACCTGCTCAAACGTA  TCTTGAAGATGGACAGAAAAGCTGTGGAGACCC  ACCTGCTCAGGAACCCTCACCTTGTTTCGGACT  ATAGAGTGCTGATGGCAGAGATTGGTGAGGATT  TGGATAAATCTGATGTGTCCTCATTAATTTTCCT  CATGAAGGATTACATGGGCCGAGGCAAGATAAGC  AAGGAGAAGAGTTTCTTGGACCTTGTGGTTGAGT  TGGAGAAACTAAATCTGGTTGCCCCAGA". Panc-1 cells were transfected with 200 nM CFLAResiRNA and negative siRNA using Lipofectamine® 2000 (Life technologies) as per manufacturer's protocol. Twenty-four hours post-transfections cell were treated with varying concentrations of triptolide and cell viability was determined 48 hr post-treatment using MTT assays. mRNA levels of all three isoforms of CFLAR siRNA were quantitated 24 hr post-transfection to check for the knockdown.
Transfection of CFLAR-Short and CFLAR-Long plasmid in Panc-1 cell line
Panc-1 cells were transfected with control and CFLAR expression plasmids (pEF6-V5, pEF-Flag A, pEF6-V5-CFLAR-S and pEF-Flag A-CFLAR-L) using Fugene HD reagent (Promega) followed by triptolide treatment and MTT assay as described above. Cell pellets were also collected for protein analysis.
Statistical analysis
As these cell lines are part of several publically available genotyping databases, genotype data was retrieved on all cell lines from the HapMap project (release 23). For 29 samples, data was also retrieved from the 1000 genomes project (20101123 version). mRNA expression was retrieved for all of the individuals from a publically available source (http://www.sanger.ac.uk/research/areas/ humangenetics/). IC 50 , concentration that kills 50 % of the cells, was calculated from a 4-parameter logistic model using the package drc v2.2.1 in R v2.14.0 [17] .
Association analysis of triptolide cytotoxicity with genetic variation SNP genotype (n = 4098136) data was retrieved from the HapMap (release 23) for all 55 samples (29 female and 26 male). SNPs were filtered using various quality control criteria as, build changes, call rate, compliance with Hardy Weinberg and minimum allele frequency (MAF) as described in Additional file 1. In total 1978803 SNPs in 55 individuals passed quality control measures. For genotype data for individuals in the 1000 genomes only a MAF filter was used, dropping SNPs with MAF < 0.05. Several SNPs overlap between the 1000 genomes and HapMap data, data obtained from the 1000 genomes project was used preferentially over data obtained from the HapMap. Since not all of the samples used have been sequenced as part of the 1000 genomes project as of current, SNPs in the 1000 genomes project, but not in HapMap (release 23) were imputed for samples not included in the 1000 genomes project. BEAGLE v3.3.1 [18] was used to impute SNPs with the reference of the 1000 genomes as described in Additional file 1.
Association analysis of triptolide cytotoxicity with gene expression variation mRNA expression from the Illumina Sentrix Human-6 Expression BeadChip version 1 was normalized as per Stranger et al., using 47293 probes [19] . For this analysis, only the Caucasian samples were used and data was normalized using quantile normalization across replicates and median normalization across individuals. Original Illumina annotation was retrieved from ReMOAT [20] . Expression was not adjusted for gender (did not appear to affect association with phenotypes).
Integrative analyses
With the wealth of data produced by current genomic technologies, collection of multiple types of genomic data on a set of samples is becoming commonplace. New methods explore a multifactor approach that combine different kinds of genomic data, sometimes referred to as "integrative genomics" or "genomic convergence", in which a multistep procedure is used to identify potential key drivers of complex traits that integrate DNA variation and gene expression data. To integrate the genotype, expression and drug cytotoxicity data, we first identified markers associated with triptolide IC 50 using a liberal significance threshold of 0.001. Next, we determined which expression probe sets were associated with these IC 50 associated SNPs (p-values ≤ 10 −5 ) (i.e., eQTLs). Finally, to determine whether the expression probe sets associated with these SNPs were also associated with triptolide IC 50 values, we identified which expression probe sets were associated with IC 50 with a p-values ≤ 0.0001). A similar integrative analysis approach has been used successfully to detect novel candidate genes [21] . The association between IC 50 and SNP genotypes modeled as count of rare alleles (additive genetic model), or log 2 normalized mRNA expression and cytotoxicity phenotypes, or SNPs was quantified using a spearman correlation coefficient, and p-value calculated for the null hypothesis of no association using an F-test.
Results
Genetic associations with triptolide IC 50 in LCLs
We evaluated 55 LCLs derived from unrelated subjects with Caucasian ancestry for cellular sensitivity to triptolide. Triptolide IC 50 values ranged from 4 to 34 nM indicating wide inter-individual variation in chemosensitivity. GWAS analysis identified 140 SNPs in 11 genes that were associated with triptolide IC 50 at p < 10
(488 SNPs at p < 10
; Fig. 1a ). Significant proportion of SNPs (110 of 140: 78.6 %) clustered in~293 kb region on chromosome 2 (Table 1) , which maps to multiple biologically interesting genes (Genes important for cell division and Cancer development) including CFLAR, CLK1, FAM126B, NDUFB3, NIF3L1, ORC2 and PPIL 3 ( Table 2 ; Fig. 1b ). Other genes with significant SNPs included TP53BP2 (chr 1), MTSU2 (chr 13), ZNF532 (chr18) and FNDC3B (chr 3). Ingenuity pathway analysis of these genes mapped them to 4 networks ( CFLAR (Caspase 8 and FADD like apoptosis regulator) with maximum number of most significant SNPs (n = 41; due to high LD as shown in Additional file 2: Figure S1 ) codes for protein c-FLIP. c-FLIP regulates apoptosis and is structurally similar to caspase-8, however, lacks the caspase activity. It has been implicated as a crucial link between cell survival and cell death pathways in mammalian cells.
Gene expression associations with triptolide IC 50 in LCLs
Genome-wide gene expression analysis identified 14 probes that were associated with triptolide IC 50 (p < 0.0001, Additional file 3: Figure S2 and Table 4 ). Some of the biologically interesting genes with expression levels associated with triptolide sensitivity included: JAK1 (Janus kinase 1), DTX1 (Deltex Homolog 1; positive regulator of Notch signaling pathway), AGL (AmyloAlpha-1, 6-Glucosidase, 4-Alpha-Glucanotransferase involved in glycogen degradation), and MUC15 (Mucin 15, Cell Surface Associated). Pathway analysis using Ingenunity pathway analysis tool mapped these genes to JAK/ STAT, IL, iNOS, EGFsignalining pathways (Additional file 4: Figure S3 ).
Integrated SNP-mRNA association analysis with IC 50
We performed integrated analysis between SNPs-mRNA expression-IC 50 ; we selected top SNPs that were significantly (p < 0.001) associated with cytotoxicity, and top gene expression signatures significantly (p < 0.001) associated with cytotoxicity for association with each other i.e. SNP vs. gene expression. This analysis basically identified eQTLs associated with triptolide IC 50 and at p <0.0001 we identified 648 unique SNP-mRNA pairs that were associated with triptolide cytotoxicity however these SNP-mRNA pairs mapped to only 28 genes (Table 5) , indicating association of multiple SNPs with one gene (which might be due to LD between SNPs). Some of the biologically interesting SNP-mRNA pairs included: association of multiple SNPs in chromosome 16 spanning genes CHST5, TMEM231, GABARAPL2 and ADAT1 with expression levels of AGL; SNPs in ASXL3 with ASCL4 expression; CAMTA1 SNPs and CRYGS expression; TIAM1 SNPs with DTX1 expression; SNPs in 
Functional significance of CFLAR splicing SNP
We selected CFLAR for functional validation in our study on the basis of following observations; i) higher number of SNPs in CFLAR were associated with the triptolide cytotoxicity (Tables 1 and 2) ; ii) CFLAR. SNPmRNA pairs associated with triptolide cytotoxicity included three CFLAR mRNA probes additionally multiple SNPs within CFLAR were associated with each 3 mRNA probes. Majority of the significantly associated SNPs within CFLAR gene were intronic and occurred in high LD (Additional file 2: Figure S1 ). However, one CFLAR SNP, rs10190751 G > A, was present at the splice junction of exon 7 ( Fig. 2a) and was significantly associated with triptolide cytotoxicity (Fig. 2b) . We screened HapMap cell lines with AA, AG and GG genotype (3 cell lines in each genotype group) for long (CFLAR-L), short (CFLAR-S) and raji (CFLAR-R) forms of CFLAR splice variants. CFLAR-L form was present in all cell lines irrespective of the genotype whereas CFLAR-S form was only expressed in cell lines with at least one G allele (Fig. 3a) . Real-time quantification of CFLAR splice variants showed significant association of AA genotype with low levels of CFLAR-L; complete absence of CFLAR-S and higher levels of CFLAR-R form (Fig. 3) . Western blot analysis confirmed the association of C-FLIP protein isoform levels corresponding to rs10190751 genotype and CFLAR mRNA isoforms (Fig. 3c) .
SiRNA mediated functional studies on CFLAR
We selected Panc-1 for further investigation for impact of siRNA mediated transient knockdown of CFLAR on cellular sensitivity to triptolide. We selected Panc-1 for further investigation for impact of siRNA mediated transient knockdown of CFLAR on cellular sensitivity to triptolide. In a pancreatic cancer cell line, Panc-1, siRNA mediated knockdown resulted in significant reduction in the CFLAR-L, CFLAR-S and CFLAR-R isoforms and significant increase in sensitivity to, triptolide ( Fig. 4a and b) .
Over expression of CFLAR-long and short isoform
Since Panc-1 demonstrated change in chemo-sensitivity in siRNA mediated knockdown of CFLAR, we further overexpressed CFLAR-L and CFLAR-S forms in Panc-1 cell lines. Transient transfection of most abundant isoforms of CFLAR was done in Panc-1 cell line using pEFA-CFLAR-L and pEF6-V5-CFLAR-L plasmid for Long and Short form of CFLAR respectively. Compared to cells transfected with control plasmids the level of CFLAR protein isoforms were significantly increased (Fig. 4c) . Over-expression CFLAR-L or CFLAR-S isoforms resulted in significant decrease in sensitivity for triptolide, (Fig. 4d) .
Discussion
Triptolide is a diterpenoid triepoxide and has been used in traditional Chinese medicine for years. Poor water solubility and toxicity has limited its use in clinics, however recent advances focused on developing triptolide derivatives with better solubility such as MC002 [22] , omtritolide [23] , minnelide [10] etc. are showing promising advancements especially in pancreatic cancer. The anticancer activity of triptolide has been associated with its ability to inhibit various pro-proliferative or antiapoptotic factors thereby inducing apoptosis [16] . Triptolide has been implicated in activation of both intrinsic and extrinsic apoptotic pathways by inducing caspase-8, −9 and 3 as well as by inducing cleavage of PARP [24, 25] . Given the fact that triptolide has a promising potential as a therapeutic agent, we designed this study to identify the Inhibits the ability of APPBP1 to conjugate NEDD8 to CUL1, and thereby decreases APPBP1 ability to induce apoptosis. Impedes cell cycle progression at G2/M. Its apoptosis-stimulating activity is inhibited by its interaction with DDX42 genomic markers associated with triptolide cytotoxicity using LCLs from International HapMap project. Our results identified a QTL on chromosome 2 consisting of several SNPs with significant association with triptolide IC 50 . This region on chromosome 2 included biologically interesting genes such as CLK1, PPL3, NIF3L1, CFLAR, NDUFB3, CASP10, CASP8 etc. (Tables 1 and 2 ) with important roles in apoptosis and cell cycle regulation pathways. Of particular interest was significant overrepresentation the top most significant SNPs in CFLAR gene (Caspase 8 and FADD like apoptosis regulator). CFLAR gene encodes for protein c-FLIP, best-known for its anti-apoptotic regulatory role by inhibiting TNF-alpha, FAS-L and TRAIL induced apoptosis [26] . Although most of the SNPs in CFLAR were intronic, one splicing SNP, rs10190751 (3' splice site of intron 6) was of particular interest [27] . CFLAR-protein, c-FILP exists in several isoforms due to alternate splicing, the most studied forms include long (C-FLIP-L) and short (C-FLIP-S) isoforms of 55 kD and 26 kD, respectively. CFLAR gene has 14 exons and inclusion or exclusion of intron 6 or exon 7 regulates the expression of long, or short or raji forms. CFLAR long form (CFLAR-L) skips exon 7 and is expressed as a fulllength protein of 480 amino acids. CFLAR short form (CFLAR-S) includes exon 7 thereby changing the reading frame, creating an early stop codon, and hence a shorter isoform with 221 amino acids. C-FLIP-L is composed of two death effector domains (DEDs) at the amino terminus and a caspase homologous domain, structurally similar to caspase 8 and caspase 10 at carboxy terminus. In contrast C16orf59,CLYBL,DNAH17,DPYSL3,FAM111A,  FAM134C,FAS,FEZ1,FSH,GEMIN8,GPR107,Gsk3,GTPBP6,HAP1,HIST3H2BB,HS1BP3,  KIAA0922,KRT83,LHFPL2,LOC391322,MAGEA8,MYEOV,PXMP4,RNF212,TMEM164,  TMEM258,TMEM150C,UBC,UBIAD1, C-FLIP-S has two DEDs but lacks caspase homology domain. Presence of rs10190751 regulates the splicing event with rs10190751-A allele resulting in lack of expression of the short form (Fig. 4) . In addition to these isoforms recently cFLIP-R forms has been identified in the Raji cells [27] . Due to intronic insertion; CFLAR-R isoform has a premature stop codon resulting in a protein with 212 amino acids and like the CFLAR-S isoform lacks caspase like domain. Although the characterization of the functional differences of these isoforms is still ongoing, cell type specific pro-apoptotic role of CFLAR-L has been reported. CFLAR-L expression levels are considered critical factor in determining the balance between apoptotic and prosurvival signaling. The CFLAR-L has also been shown to play critical role in autophagy, necroptosis and apoptosis in T-lymphocytes with CFLAR-L deficiency triggering severe cell death upon stimulation [28] . In spite of its major role in regulating death receptor signaling, it has been shown to be involved in regulation of apoptosis by several other mechanism including; modulating the activity of ripoptosome [29] regulation of nectroptosis by preventing caspase 8 activation [30] [31] [32] , inhibiting autophagosome formation by interfering with conjugation of LC3 and in NFkB signaling with its ectopic expression resulting in NFkB activation [33] [34] [35] .
Given the important role of CFLAR (CFLIP) as a key inhibitor of processing and activation of caspase 8; its prognostic and therapeutic relevance in AML [36] as well as in development of drug resistance [37] we designed this study to further explore the clinical significance of the CFLAR and its genetic variation especially the splicing SNP (regulating CFLAR-L and CFLAR-S forms) as biomarker of risk of disease as well as with development drug resistance. Our results of siRNA mediated knock down and overexpression of CFLAR in pancreatic cancer cell lines further provides evidence of its involvement in chemo-sensitivity to triptolide.
Gene expression levels of JAK1, AGL, and DTX1 genes, all involved in cell-to cell signaling (Additional file 4: Figure S3 ) has been associated with triptolide cytotoxicity analysis. JAK1, Janus Kinase 1 is involved in interferon-alpha/beta and -gamma signal transduction pathways and is a critical component of JAK/STAT pathway; AGL is member of 4 alpha-glucanotransferase and is involved in glycogen degradation; DTX1, deltex homolog 1 is involved in NOTCH signaling pathway which is a critical for cell fate determination and has been implicated in several diseases as well as tumorogenesis [38] . In our integrative exploratory analysis we identified several biologically interesting gene-SNP-gene-expression pairs as TIAM1-DTX1, ASXL3: ASCL4, GPATCH2: JAK1, CAMPTA1-CRYGS, ERBB4-NADSYN1 etc.
In recent years there has been significant evidence suggesting triptolide mediated inhibition of ATPase activity of XPB, thereby by influencing transcription as well as Nucleotide excision repair [39] . XPB, also known as ERCC3 is a subunit of transcription factor TFIIH. Triptolide has been shown to influence gene expression by globally reducing gene expression although to not to same extent for all genes by blocking transcription initiation [40, 41] . Antiproliferative effects of triptolide due to inhibition of XPB/TFIIH has also been shown to phenocopy JNK-dependent apoptosis phenotype in Dp53 deficient wing disc cells in Drosophila [42] . This global reduction of transcription caused by triptolide, correlates well with the phenotypes observed in tumour cells and in inflammation. If we take in account these evidences, and if the treatment with triptolide, reduce global transcription, cells with reduction of the CFLAR mRNA isoforms by the splicing SNP will be even more sensitive, since this gene may negatively modulates apoptosis. The KD and overexpression results using Panc-1 cells incubated with triptolide may also be explained in part by taking in account a reduction in global transcription caused by triptolide.
In conclusion, our results identified CFLAR as an important predictor of triptolide cytotoxicity. Splicing SNP-rs10190751 regulates production of CFLAR-long and short isoforms, which are associated with triptolide cytotoxicity. The central role of anti-apoptotic protein c-FLIP (CFLAR product) in regulating death receptor signaling points to the fact that this splicing SNP might of importance to other chemotherapeutic agents. Up- regulation of c-FLIP has been associated with poor clinical outcome and thus could be reliable prognostic factor for several types of cancer, however the significance of CFLAR genetic variation as predictor of therapeutic efficacy has not been explored so far, thus opening up opportunities for future studies.
Conclusions
Triptolide being an emerging drug, provides us a reason to do a genome wide association study to identify specific genetic polymorphism which may affect triptolide induced cytotoxicity. We observed significant association of triptolide IC50 with SNPs located in biological important genes from apoptotic pathway, such as CFLAR, PPIL3, caspase 8/10, NfKb and STAT6. CFLAR is an upstream regulator of apoptotic pathway. Due to its important position as a regulator of apoptosis, we validated its functional role in triptolide induced cytotoxicity in pancreatic cancer cell line. Our finding shows that CFLAR polymorphism plays important role in cancer cell death induced by triptolide. Further studies are needed to predict the therapeutic response in patients.
Availability of supporting data
Gene expression data is publically avialble from Gene Expression Omnibus under submission number series: GSE6536. Genotype data is avaiable at HapMap.org-release 23 (www.HapMap.org).
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